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Thirty-six FRP composite welds were wetted with UV curing vinyl ester resin and used 
to join fiberglass tubes. The effects of UV light intensity and weld thickness on performance (as 
measured by bursting pressure and stiffness) were evaluated to determine optimal conditions for 
joint construction. The joined composite pipes were cured vertically with UV lamps at three 
different light intensities, 80 mW/cm2, 35 mW/cm2 and 15 mW/cm2 to isolate the effect of UV 
light intensity. Eight-layer, five-layer and three-layer joints were prepared and cured at constant 
light intensity to evaluate the effect of reducing the thickness of the composite joint. Finite 
element analysis (FEA) models were developed to simulate the physical conditions of testing, 
known mechanical properties of the materials used, and the negative effects of under curing and 
gravity leaching of resin due to vertical curing. The mechanism for variation in performance is 
under curing; joint performance is increased by reducing the incidence of under curing by 





















 Fiber-reinforced polymer (FRP) composite materials boast qualities, which single them 
out for use in corrosive environments. It is difficult to estimate the precise fraction of plastics 
and composites used for corrosion control, because they are not used exclusively for their 
inherent resistance to corrosion, but also for their low weight, high strength-to-weight ratio, and 
other unique properties, which make them attractive alternatives to ferrites and alloys [1]. 
Industries that widely employ FRP composites include aerospace, offshore oil and gas, and 
chemical and petrochemical. Composite piping systems have been rigorously investigated for 
their potential development in these industries [2]. Forty years of product and material 
development have improved the mechanical properties of composite piping; however, in 
practice, composite piping are not used to their ability due to the limitations placed on the system 
by uncertainty in the capacity of composite joints. It is critical to the advancement of composite 
piping that joining technology be elevated in terms of reliability and ease of installation.  
 
1.2 FRP Composite Joints 
 Joint introduction is inevitable in piping systems. Many factors dictate the choice of 
joining technique, and the material used to join, including pipe material, the extent of elbows and 
other geometrical factors, and the everyday purpose of the piping system. The system response to 
component service life and the adaptability of the overall piping system must be optimized in 
order to realize more prolific industrial use, especially under the environmental conditions and 
with the working fluids that these systems will be exposed to. Increased study into joining 
techniques is crucial to effectively manage component repairs as well as carrying out upgrades 
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and expansions of composite piping systems, thereby elevating the reliability of operation and 
repair of these systems to a level commiserate with industrial requirements. 
 General specifications1 group composite joints into two categories: Class A, unrestrained 
pipe joints and Class B, restrained pipe joints. Class A pipe joints can withstand internal pressure 
but not longitudinal forces, Class B pipe joints can withstand both internal pressure and 
longitudinal forces. There are a wide variety of joining systems and many factors dictate the 
choice of joint, i.e., pressure rating, magnitude of restraint, temperature rating, installation 
procedures, size availability, etc. Common joining methods are subcategorized by class as 
follows: 
Class A unrestrained pipe joints include: 
• Coupling or bell-and-spigot, gasket joints. Joints that use an elastomeric seal located in a 
groove on the spigot or in the bell (coupling) as the sole means to provide fluid tightness. 
• Mechanical coupling joint. Joints that use mechanically energized elastomeric gasket 
seals to join two pieces of pipe. The mechanical coupling technique applies to plain end 
pipe. 
Class B restrained pipe joints include: 
• Coupling, or bell-and-spigot, joins with a restraining device. As in Class A, joints that use 
an elastomeric seal located in a groove on the spigot or in the bell (coupling) as the sole 
means of the joints to provide fluid tightness, supplemented by the addition of a 
mechanical restraining device. This is a non-destructively separable joining system. 
• Butt-and-wrapped joint. A butt joint squared off plain end pipe, with a laminated over 
wrapping. This is a permanent joint. See Figure 1. 
                                                 
1 ASTM D 3754, “Standard Specification for "Fiberglass" (Glass-Fiber-Reinforced Thermosetting-Resin) Sewer and 
Industrial Pressure Pipe.” 
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• Wrapped bell-and-spigot joint. A bell-and-spigot joint, with or without elastomeric seal, 
with a laminated over wrapping. This is a permanent joint. 
• Bonded bell-and-spigot joint. A bell-and-spigot joint, typically without the elastomeric 
seal, in which the bell is adhesively bonded to the spigot. This is a permanent joint. 
• Flanged joints. Flanges are heavy collars bonded to pipe ends and mechanically held 
together. Sealing is accomplished with an elastomeric gasket. This is a non-destructively 
separable joint.  
• Mechanical joints. These are joints which are mechanically restrained and which may use 
an elastomeric seal to achieve fluid tightness. Mechanical joints are typically separable 
by non-destructive means. 
 
Figure 1. Cutaway illustration of a FRP composite butt-and-wrapped joint. 
 
The focus of this study is on Class B butt-and-wrapped joints, because of the prolific use 
of this method in field installation and repair, and the dependence of residual strength on several 
variables of installation, including cure time and experience of the personnel installing the 




factors of safety of composite piping systems using butt-and-wrapped joints can be as high as 8. 
Butt-and-wrapped joints, alternatively known as butt joints or butt welds, typically consists of 
two squared pipe ends which have been prepared for joining by removing the coating from the 
outer surface; the ends are abutted end-to-end and a joint, comprised of resin-impregnated 
fiberglass cloth, is wrapped over the bond line and cured. 
Despite the variation of residual mechanical properties, butt welds have been used 
extensively and successfully in joining composite pipes during installation and repair. Barring 
installation procedures, the performance of the joint ultimately depends on the effectiveness of 
the adhesive used to bind the joint and join the pipes. Failure of adhesively-bonded joints 
generally occurs prematurely because the loads are transferred to the reinforcing composite in 
the form of shear and peel stresses, between adherends, and as such progress axially toward the 
joint boundaries where inherent stress concentrations exist. The formation of an adhesive can be 
represented in two stages. First, the liquid adhesive spreads over the substrate and the joint, or 
weld, material. Secondly, the adhesive hardens and its ability to transfer service loads through 
the substrate and joint material is quantified through direct use [3]. This hardening can be 
initiated either by chemical processes or polymerization, the latter being preferred in high-
performance adhesion. Knowledge of the polymerization process is crucial when attempting to 
affect an increase in the reliability of a composite piping system that has joints because the 
mechanical properties of the joined piping system will depend on the extent of the adhesive cure 





1.3 Adhesive Bonding 
 Many of the Class B joining methods rely on adhesive bonding techniques. Adhesive 
joints have been used for more than 30 years in chemical and industrial applications where ease-
of-installation is the principle design variable. There are two basic groups of resins, thermosets 
and thermoplastics. Thermosets, or thermosetting resins, are polymeric resin systems cured by 
heat or chemical additives. Once fully cured, the thermoset is insoluble. There are two types of 
thermosets commonly used in adhesive bonding, polyester and epoxy resins. A common 
polyester resin, vinyl ester, offers high corrosion resistance in addition to mechanical properties. 
Table 1 compares mechanical performance between polyester and epoxy resins.  
 
Table 1. Mechanical properties of un-reinforced resins. 
Property Polyester Epoxy 
Tensile Strength, MPa 40-90 30-90 
Elongation at break, % <2 3-15 
Tensile modulus, MPa 2-5 2 
Flexural modulus, MPa 60-160 90-150 
Specific gravity 1.1-1.46 1.11-1.40
 
1.4 UV Curing Resins 
Free radical polymerization is a type of polymerization in which the reactive center of a 
polymer chain consists of a radical. It is used to make polymers from vinyl monomers. Polymers 
made by free radical polymerization include polystyrene, poly(methyl methacrylate), poly(vinyl 
acetate) and branched polyethylene. To begin the process, a molecule, called an initiator, splits. 
The pair of electrons in the bond which is broken will separate resulting in initiator fragments of 
the original molecule, each of which has one unpaired electron. Molecules with unpaired 
electrons are called free radicals. The carbon-carbon double bond in a vinyl monomer, like 
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ethylene, has a pair of electrons which is quite susceptible to attack by free radicals. When the 
unpaired electron nears an electron pair, it disjoins one to pair with itself. This new pair of 
electrons forms a new chemical bond between the initiator fragment and one of the double bond 
carbons of the monomer molecule. The free electron associates itself with the carbon atom which 
is not bonded to the initiator fragment. This process (the breakdown of the initiator molecule to 
form radicals followed by the radical's reaction with a monomer molecule) is called the initiation 
step of the polymerization. The process of adding monomers to the chain is called propagation; 
this is a self perpetuating chain reaction. 
Radicals are, however, unstable, and eventually they will become paired without 
generating a new radical; the chain reaction then terminates. This process is called termination. 
The three steps of chain-growth polymerization are therefore, (1) initiation, (2) propagation, and 
























Figure 2. Free radical polymerization process. 
 
Ultraviolet curing resins use free radical polymerization to cure. Curing is initiated by a 
photoiniator (e.g. Isopropylthioxanthone), which when exposed to UV radiation, break down into 
 7
free radicals. Photoinitiators are widely applied in UV curing inks, wood coatings, paper 
coatings, optical fiber, PCB, screen printing, paper varnish and other surface coatings.  
UV curing resins are an attractive alternative to the adhesives most often used for joining 
composite pipes (ambient environmental curing epoxies and heat-activated curing prepregs). 
Shortened curing times result in a more employable system due to the inevitability of repair, 
regardless of material or function; and UV curing resins cure within a matter of minutes as 
opposed to several hours (prepregs), or over 24 hours (ambient-curing epoxies). UV curing 
resins can also cure with sunlight alone and are therefore more practical for field use where 
additional effort would be necessary to protect the joint from the environment during a lengthier 
cure, or impractical levels of energy are input into the system to quicken the cure. However, 
despite their many benefits, UV curing resins are historically, as is true with many fast-curing 
resins, less structurally sound than their more protracted counterparts. There exist several factors 
for optimization of UV curing resins including the concentration of photoinitiators, intensity of 
UV light used for curing, type of monomer and the presence of oxygen in the curing 
environment [4].   
 
1.5 Problem Statement 
 Increased study into joining techniques is crucial to effectively manage component 
repairs as well as carrying out upgrades and expansions of composite piping systems, thereby 
elevating the reliability of operation and repair of these systems to a level commiserate with 
industrial requirements; requirements which include logistical measures, such as energy 
consumption and time-to-repair/install. Currently, an impetus of adhesive bonding research is 
reducing the time required to prepare the surface, wrap with reinforcement and cure the joint to 
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alleviate extended down times while minimizing the amount of energy and manpower required 
for the operation. UV-curing resins promise greatly reduced cure times; however partial curing, 
due to inadequate UV penetration, is an impediment to residual mechanical performance. It is 
desirable to optimize the photopolymerization process by whatever means, which results in an 
adequately strong joint while minimizing downtime and energy consumption. It is therefore the 
focus of the presented research to work toward a joining system that takes advantage of the low 
time-to-cure of UV-curing resin while maximizing the residual mechanical properties of the joint 
at minimal energy consumption. 
 
1.6 Research Objectives 
 The objective of this research is to develop a composite UV-curing resin-wetted butt-and-
wrap joint which can meet current industry standards by evaluating the effect of two variables of 
construction, UV light intensity and joint thickness, on the residual mechanical performance of 
the joined system.  
 
1.7 Research Approach 
 In order to meet the research objective, thirty-six FRP composite welds are wetted with 
UV-curing vinyl ester resin and used to wrap commercially manufactured fiberglass pipes, per 
the manufacturer’s general guidelines for field repair. The aim for sample fabrication is to vary 
final cured states of the system by varying (1) UV light intensity and (2) joint thickness; and to 
isolate the contribution of each to the residual strength of the joint. Residual strength will be 
determined by testing joined composite pipes for bursting internal pressure, by ASTM D 1599, 
and for bending, by ASTM D 790. Finite element analysis (FEA) is performed using orthotropic 
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elastic properties and a new method for simulating partial cure in a composite joint is developed 





















2. LITERATURE REVIEW AND BACKGROUND 
2.1 Literature Review 
Many studies have been conducted to evaluate the effect of light intensity on the cure rate 
of UV curing resins [3-11]. Many of these studies are dentistry based as UV curing resins offer 
the safety and speed of cure that is ideal for this discipline. Harris et al. [10] examined the 
dynamic modulus of elasticity of two composite materials, cured by three light intensities (180  
mW/cm2, 350  mW/cm2 and 700  mW/cm2). They concluded that the specimens that were cured 
at 180  mW/cm2 were weak and untestable; they further concluded that high curing light intensity 
might not achieve the most desirable results. Peinado et al [3] investigated at the influence of the 
photoinitiator on the kinetics of polymerization for a specific acrylic system and photoinitiator 
and the applicability of fluorescence studies to quantify mechanical properties resulting from 
polymerization, concluding primary radical termination as the predominant mechanism during 
early curing; mechanical testing in this study was, however, limited to a simple lap joint test. 
Jönsson and Hasselgren [4] examined “dark polymerization”, so called for the degree of curing 
that takes place after initial irradiation. They concluded that a higher light irradiance leads to a 
higher degree of conversion and an increased polymerization rate. Scherzer and Decker [5] 
performed a spectroscopic study of the kinetics of photopolymerization induced by 
monochromatic UV light. Several practical applications are revealed in that study as powder 
coatings and printer inks. Other studies display similar scales, such as Soppera and Croutxé-
Barghorn [8] who examined free-radical photocurable hybrid sol-gels. In this study, 
spectroscopy was again used to study the photopolymerization upon irradiation. Five intensities 
were used: 290  mW/cm2, 180  mW/cm2, 100  mW/cm2, 70  mW/cm2 and 37  mW/cm2. Russell 
et al [9] conducted an analytical evaluation of termination rate processes in free-radical 
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polymerizations that depend on chain-length of the radical and is principally useful for 
photopolymerization rate studies.   
From the above literature review, it is found that most investigations are focused on thin 
films or other like-scaled material science-based study. There is currently a lack of understanding 
of the effect of light intensity on composite structures involving thick surfaces where the 
absorption of light, or irradiance, is non-linear and the mechanism for failure is macroscopically 
mechanical. 
Of course, much research has been devoted to adhesively bonded joints. Adams and 
Davies [13] predict the stresses and strains using 3-dimensional non-linear mechanics with 
anisotropic non-linear stress-strain properties. Griffin, et al [14] developed an analytic model to 
predict strain in the composite pipe, joint and adhesive layer; this paper focuses on the strain 
distribution and delamination stress. Yang [15] focuses on the adhesive peel stress and shear 
stress distribution in an analytic model for an adhesively bonded joint under tensile loading. The 
effect of bending on adhesively bonded composite joints was also studied by Yang, et al [16]; 




The kinetic theory of free radical polymerization predicts an increase in double bond 
conversion with increasing light intensity. There exists a simple proportionality, for free radical-
induced polymerization, between the rate of polymerization, pR , and the light intensity at half 
power, 0I . At constant dose (product of intensity and exposure time), the rate of 
polymerization is higher at higher light intensity.  
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 Defining the steady state rate of polymerization as the state in which the rate of initiation, 
iR , equals the rate of termination, tR . At steady state, the concentration of free radicals, [ ]*R , is 
constant [4]. It is desirable to determine the time to reach the steady state condition and methods 
to maximize the concentration of free radicals. The rate of initiation can be expressed in as a 
function of the number of photons absorbed, aI , as follows: 
FfIR ai 2=          (1) 
where F  is the quantum yield and f  is the cage factor, which is the fraction of initiating 
radicals that do not recombine and initiate. The rate of termination is equal to the time rate of 
change of the concentration of free radicals and can be expressed as follows: 





tt ==−        (2) 
where tk  is called the termination rate constant. The overall rate of polymerization can be 
expressed in terms of the concentration of free radicals and the concentration of reactive 
functionality, [ ]M , as follows: 
[ ][ ]MRkR pp *=         (3) 
Further, inserting (1) and (2) into (3) yields the steady state rate of polymerization: 


























=      (4) 
The decay of free radical concentration can be determined by integrating (2), where the 
time, t , is the decay time after a short light pulse. 
[ ] [ ] tkRtR t=− 0**
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=        (6) 
Now a comparison can be made between high and low initial free radical concentrations, 
generated by high or low light intensity, for the non-steady state condition. First, for high initial 
free radical concentration, i.e., [ ] tkR t ⋅<<0*1 , the rate of polymerization, after a short pulse of 
light (at high intensity) is controlled by the chemical nature of the monomer. Secondly, for low 
initial free radical concentration, i.e., [ ] tkR t ⋅>>0*1 , the rate of polymerization is controlled by 
the concentration of free radicals, which is low. These results, of course, describe the amount of 
cure which takes place after exposure to UV light, which can be significant. Overall, the results 
are highly dependant on the duration of irradiation and absorption [17-18]. 
 
2.2.2 Thick-Walled, Compound Cylinder under Internal Pressure 
 FRP composite pipes are generally supplied by the manufacturer with documented 
orthotropic material properties, i.e. modulus of elasticity values in the hoop and axial directions. 
If an equivalent modulus of elasticity is assumed to govern radial displacement, then radial and 
tangential stresses in the plane, as well as displacement, can be determined by the theory of 
elasticity for thick wall pressure vessels. 
Figure 3 models a pipe-joint system in the plane as a compound disk. Here, a , b  and c  
are the model radii; ap  is the known internal pressure, bp  is the unknown interfacial pressure, 














 Figure 3. Elastic model of a thick-walled, compound cylinder. 
 
Radial and tangential stresses ( ( )rrσ , ( )rθσ ), and the radial displacement, ( )ru , can be 






























=θσ       (8) 




















νν     (9) 


























































νν     (12) 
The equivalent modulus of elasticity, E , and Poisson’s ratio, ν , are assumed sufficiently distinct 
between the pipe, 1, and joint, 2, and necessitates a somewhat more rigorous treatment. If the 
external pressure is neglected, the interfacial stress, bp , can be determined by equating (9) and 








=        (13) 
( )4222222242222221 bcbcababcbcabaC −+−+++−−−= ν    
 ( )4222222142222222 bcbcababcbcabaC +−+−+−+−−= ν     
If, however, the elastic material properties of the pipe and joint are assumed equal, (13) reduces 
to: 
( )





=         (14) 
In either case, the radial and tangential stress, and radial displacement can now be estimated for 
known geometry, internal pressure and elastic constants [19-21]. 
 
2.2.3 Butt-and-Wrapped Composite Joints under Tension 
 While radial and tangential stresses, their contribution to hoop stress, specifically, are 
important components of understanding the loading of a pipe-joint system, FRP wrapped joints 
generally do not have the opportunity to fail due to hoop stress distribution – they fail by 
delamination induced by shear stresses; or more precisely, the adhesive layer between the 
substrate and joint delaminates and fails to transfer load. 
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Griffin, et al [14] model an adhesively bonded joint by suggesting that the shear modulus 
of the adhesive layer (interface between pipe and coupling) is sufficiently small compared to the 
elastic modulus of the pipe and coupling that the effect on hoop stress distribution is negligible. 
The stress distribution for the given cross-section of a composite pipe, Figure 4, is therefore a 
function of the longitudinal direction only; this is also true for the coupling, but delamination 
will likely occur from the substrate. For the model in Figure 4, and from the force equilibrium, 
the differential normal stress can be related to the peel stress (of the adhesive) as follows: 
( ) dzDDDd opipopz τππσ =− 224         (15) 
where zdσ  is the differential normal stress, opD  and ipD  are the outside and inside diameters, 
respectively, τ  is the peel stress at the adhesive-substrate interface, and dz  is the width of the 

























where du  is the elongation of dz  and pE  is the elastic modulus of the pipe material (in the 




=τ           (17) 
where u  and v  is displacement of the pipe and coupling, respectively, and t  is the thickness of 
the adhesive layer. By combining (15)–(17), the normal stress can be eliminated and the 
























=        (19) 
The solutions to (10) and (11) are: 
DCzBeAeu zz ++−= −αα        (20) 
DCzKBeKAev zz +++−= −αα       (21) 
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0=
=Lzdz















Figure 5. Joint geometry. 
 
Differentiating (20) and (21), the strain distributions are determined, 
CeBeA
dz
du zz ++= −αα αα        (26) 
CeKBeKA
dz
dv zz +−−= −αα αα       (27) 
where K  and α  are related to material properties and joint geometry, A , B , and C  are 
constants determined by boundary conditions. Thusly, (26) and (27) produce solutions of the 













3. SPECIMEN PREPARATION 
3.1 Raw Material 
3.1.1 FRP Composite Pipes 
A total of 75 composite pipes were provided for this study by EDO Specialty Plastics in 
Baton Rouge, Louisiana; see Figure 6. The pipes were manufactured by filament winding E-
glass fibers onto an epoxy vinyl ester matrix, marketed under the trade name Fiberbond®. Pipes 
were provided as manufactured and have a rough, painted outer coating for surface protection. 
All pipes have inner diameters of 101.6mm (4in), wall thicknesses of 6.35mm (0.25in), at a 
length of 304.8mm (12in); three pipes were provided at 609.6mm (24in) in length to determine 
uncoupled bending stiffness. Tensile modulus of elasticity for the finished composite pipes is 
15.2 GPa (2.2 Mpsi) in the hoop direction and 9.6 GPa (1.4 Mpsi) in the axial direction; 
Poisson’s ratio is 0.4. 
 
 
Figure 6. Uncoupled FRP composite pipes. 
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Figure 7. Chopped strand mat (CSM), woven roving. 
 
3.1.2 FRP Joint Material  
A reinforcing joint is comprised of various sequences of two materials: (1) chopped 
strand mat (CSM), a matrix of short, randomly oriented, chopped E-glass fibers used to provide a 
structural cage for the reinforcing layer and to insure adequate wetting of the joint; and (2) 
woven roving, a matrix of bi-directional E-glass fibers used to provide strength; Figure 7.  There 
are three variations of CSM layers (by width) designated as follows:  “A” at 203.2mm (8in) 
wide; “B” at 152.4mm (6in) wide; and “C” at 95.25mm (3.75in) wide.  Each joint contains 
exactly one E-glass woven layer (designated “E”), the width of which is 101.6mm (4in).   
To evaluate the effect of joint thickness, three groups of joints are prepared by number of 
reinforcing layers – eight, five and three, the sequence for which is shown in Figure 8 (sequences 
begin, left-to-right and bottom-to-top, from pipe surface); six 3-layer, six 5-layer and twenty-four 
eight-layer joints are thusly constructed. Again, all joints contain exactly one layer of woven 





Figure 8. Three variations of composite joint, 8, 5 and 3 layers. 
 21
   
 
   
 
Figure 9. Specimen preparation; (a) surface preparation, (b) applying bonding adhesive, 
(c) wetting substrate, (d) wetting joint, (e) wrapping joint, (f) excising joint. 
 
3.1.3 Joining Resin  
UV-curing vinyl ester resin, commercially available from Sunrez Corporation, was used 
to wet the joint material.  The volume of resin used for each joint variation is 500mL for the 8-
layer joints, 312.5mL for the 5 layer joints, and 187.5mL for the 3 layer joints. Fiber volume 
fraction is moderate at 60% and is consistent for each weld thickness. 
 
3.2 Sample Preparation 
The procedure for weld preparation and application follow the established procedure set 
by EDO Specialty Plastics, Baton Rouge, for use with their products [11].   
The surfaces of each of the pipes to be joined are prepared by using an angle grinder to 
remove the outer coating; Figure 9(a). The pipes are then cleaned and bonded with a two-part 
epoxy adhesive, Scotch-Weld 1838 B/A Green; Figure 9(b-c). The purpose of the bond is to fix 
(a) (b) (c) 
(d) (e) (f) 
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the pipes for joining and has no appreciable contribution to mechanical performance. After 
curing, the bonded pipes are wetted with resin along the outer circumference over the areas to be 
covered by the joint; Figure 9(c). The butt welds are prepared using the wet lay-up technique. 
UV curing vinyl ester is used to wet each weld according to the prescribed volume. Each layer is 
wetted and rolled onto the preceding layer, which is placed onto a glass substrate; Figure 9(d). 
After the weld is fully wet, it is peeled from the substrate and placed over the bond line of the 
wetted pipe; Figure 9(e). It is then excised with a roller in order to insure uniformity and to 
remove trapped air; Figure 9(f). 
 
 
Figure 10. UV curing station. 
 
3.3 Curing Procedure 
The 36 welded composite pipe samples are stacked three high per batch and cured with 
six 160-watt UV fluorescent bulbs, two bulbs per fixture; see Figure 10. The three fixtures are 
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vertically mounted to a frame and positioned at each vertex of an equilateral triangle; the pipes 
are cured at the center of this triangle. To evaluate the effect of light intensity, the UV mountings 
are simply moved back (side length of the triangle is increased). Reducing the known surface 
intensity, immediately in front of the bulbs, to a point source some distance behind that location 
allows an estimation of the resulting irradiance using the inverse square law; that irradiance is 
estimated at 80  mW/cm2 for 0.36m side length, 35  mW/cm2 for 1.55m side length and 15  
mW/cm2 for 2.54m side length. All samples prepared for the weld thickness study are cured at 80  
mW/cm2. For the light intensity study, six 8-layer joints are cured at the higher irradiance, six 8-
layer joints are cured at the mid-level irradiance and six 8-layer joints are cured at the lower 
irradiance. The time of UV exposure was held constant at 60 minutes for all samples.  
 
3.3.1 Effects of Irradiance on Photopolymerization  
Significant visual and tactile differences between batches, and correspondingly to the 
three different irradiances, are immediately apparent after curing. Samples cured with 80  
mW/cm2 irradiance are identifiable with samples from previous studies that used bright sunlight 
as the light source, i.e. the surface was by all accounts fully cured and it was not sticky to the 
touch [2, 12]. The two lower irradiances produce samples that, while apparently cured at the 
surface, are markedly less cured than those cured at the higher irradiance. A viscous film was 
present over the surface of the samples cured at 35 and 15 mW/cm2. 
Gravity leaching was apparent to some degree in all 8-layer samples. Because the 
samples were cured vertically, gravity leached some resin from the top of each joint during 
curing. This is visually apparent due to the greenish tint of the cured resin and the white color of 
the composite layers that comprise the joint; a ring of white can be seen to varying degrees in all 
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8-layer samples. The white portions remain, at least superficially, cured at the surface to the 
touch. Gravity leaching is slight at the higher irradiance, as with the previous sun-cured samples, 
and is significantly greater in the samples cured by the lower two irradiances culminating in the 
lowest irradiance with substantial leaching evidenced in the upper half of the joint and 
continuous leaching taking place well after the time of exposure; Figure 11. 
 
 
Figure 11. Cured specimens exhibiting gravity leaching. 
 
Five-layer and three-layer samples are, by all accounts, fully cured at the surface and not 
tacky to the touch. Gravity leaching is not appreciably greater in the five-layer joints over the 
three-layer joints and is therefore not considered a factor in whatever relative differences in 




4. EXPERIMENTAL PROCEDURE 
Two test methods are employed to evaluate residual mechanical properties of the joined 
pipes, internal pressure (bursting) and four-point bending.   
 
4.1 Internal Pressure (Bursting) Testing  
Internal pressure testing was conducted at EDO Specialty Plastics, in Baton Rouge, per 
the ASTM D 1599 standard. Vented steel plugs are inserted into either end of the joined 
composite pipe to be tested; Figure 12. Upon initial pressurization, the plugs are sealed and the 
internal pressure is increased at a rate of 1.27 MPa/s (185 psi/s) until the peak value is reached. 
The pressure at joint failure is recorded and the leak location documented. 
 
 
Figure 12. Internal pressure testing apparatus. 
 
Table 2 shows average results of internal pressure testing for each group; UV-80, UV-35 
and UV-15 for the light intensity study and WT-8, WT-5 and WT-3 for the weld thickness study. 
Clearly, the batch corresponding to the greatest irradiance demonstrates the highest average 
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internal pressure at failure amongst that group. The numbers recorded for the highest irradiance 
correspond well to previous studies that used sunlight to cure samples of similar construct [2]. 
There is a clear distinction between each of the three irradiances. Subsequently, there appears to 
be three distinct degrees of conversion. Failure in each instance was relatively non-violent and 
occurred at the same location – the top of the joint, or the end with visual gravity leaching 
present. 
Table 2. Internal pressure testing results. 
Sample group Average bursting pressure Failure mode 
UV-80 3.1 MPa (480 psi) Leakage 
UV-35 1.6 MPa (230 psi) Leakage 
UV-15 0.34 MPa (50 psi) Leakage 
WT-8 3.1 MPa (480 psi) Leakage 
WT-5 7.9 MPa (1150 psi) Delamination 
WT-3 5.5 MPa (800 psi) Delamination 
 
The average internal pressure to bursting for even the samples cured at the highest 
irradiance is low compared with previous studies using ambient environmental curing epoxy and 
the same FRP material, layer and orientation (8.3 MPa). One possible cause for this is under-
curing or non-uniform curing, at the surface-to-surface interface, i.e. where the joint material 
adheres to the pipe material. A reduction in the ability of the resin to effectively transfer the load 
to the FRP reinforcement would consistently result in premature failure. Furthermore, non-
uniform curing due to gravity leaching would also consistently result in premature failure at the 
location of non-uniformity, especially given the prevalence of peel stresses accumulating at the 
joint boundary. The latter case is the probable mechanism for internal pressure failure based on 
the mode of failure, i.e. the non-violent leakage failure in the gravity-leached section as opposed 
to a violent bursting as is common in previous studies using other adhesives [2]. 
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The data clearly shows that the pipes joined by five and three layer reinforcement out 
perform the eight layer joints. The highest internal pressure attained was 9650 kPa (1400 psi), for 
a five-layer joint; the lowest was 2760 kPa (400 psi), for an eight-layer joint; failure was by 
delamination; see Figure 13. The average internal pressure (bursting) values for five-layer and 
three-layer joints are equal to or greater than the current industry accepted value for a composite 









Figure 13. Delamination of joint during internal pressure testing. 
 
The resulting internal pressure rating relation with joint thickness may seem 
counterintuitive to the notion of reinforcing layers, but the importance of degree of cure is 
overtly defined by the observed data, and the polymer is capable of sustaining applied loads. The 
thickness of the 8-layer joint is not productive to sufficient curing under the conditions of this 
experiment. The penetration of UV radiation is not adequate enough to achieve the requisite 
amount of free radical chains to complete the cure. The degree of cure is observed to be 
enhanced in the 5-layer joint and in the 3-layer joint; the decrease in internal pressure rating for 
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the 3-layer joints is not due to under curing, but an inadequate structural cage for the reinforcing 
material. 
 
4.2 Four-Point Bending Testing  
Simply supported four-point bending testing was conducted to determine the peak 
bending load and joint stiffness for the system. Testing was conducted with a MTS 810 machine; 




Figure 14. Four-point bending testing apparatus. 
 
Figure 15 shows three typical load-displacement curves selected from each of the three 
varying irradiances from the light intensity study; complete curves grouped by cure state can be 
found in Appendix 1. Each of the curves possesses several distinct slopes, or stiffnesses. The 
samples cured at the highest irradiance exhibits the most distinct curve, when plotted with load-
displacement curves from other groups. The joints of samples cured at the highest irradiance are 
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clearly stronger than the other samples. The average stiffnesses and peak loads for each of the 
three batches is presented in Table 3. While there is a clear prominence in the stiffness and peak 
load in the samples cured at 80  mW/cm2, it is difficult to distinguish the characteristics of the 
latter two batches. This is possibly due to the relative ineffectiveness of the joint, in those cases, 
to transfer the load at all. Pipe failure is quickly followed by total failure. The failure mechanism 
is delamination of the joint material from the pipe material, followed by cracking and fiber 















Figure 15. Load-displacement curves for four-point bending testing. 
 
The average peak load for the samples cured at 80  mW/cm2 is 27.2kN; stronger than the 
environmental curing epoxy adhered FRP joint from a previous study (22.0kN) [2]. In this case, 
any non-uniform curing due to gravity leaching was insufficient to impact the ability to transfer 





compromised by saved-time. These test results suggest that UV curing FRPs can be used to fast 
join composite pipes without sacrificing strength or load carrying capacity.   
Table 3 lists the calculated average stiffnesses for each of the sample groups (including 
the control pipes without joints). As can be seen by this table, the average stiffnesses for the 
joints cured at 80  mW/cm2 are remarkably similar; in fact the deviation of average stiffness 
between groups is less than 4 percent. The peak loads represent pipe failure in most cases. Most 
samples show pipe damage under bending loads and don’t exhibit significant joint failure. When 
the joints did fail catastrophically they did so by delamination; see Figure 16(a). In all other 
cases the four-point bending apparatus cut through the pipe material locally; see Figure 16(b).  
Once this local failure occurred in the pipe, the transferred loads were insufficient to cause 
failure in the joint material and the tests were halted. 
 
   
 
Figure 16. Joint failure (delamination and fiber breakage) during testing, pipe failure 







Table 3. Stiffness and peak loads from four-point bending. 
 Stiffness (N/mm) Peak Load (kN) 
UV-80 4478 27.2 
UV-35 3122 12.9 
UV-15 2952 11.0 
Control Pipes 4456 43.4 
WT-8 4478 27.2 
WT-5 4542 38.1 
WT-3 4390 35.5 
 
Stiffness calculations were performed using the linear portion of a force-displacement 
curve. This linear portion preceded the pipe failure shown in Figure 16 and is a measure of the 
stiffness of the pipe system (with joint). 
While the deviation in stiffnesses between sample groups is too small to infer a definitive 
relation between joint thickness and joined-pipe stiffness, the stiffness trend of each batch is 
within scope of what would be expected, i.e. stiffer joints in fully cured samples possessing more 
reinforcing layers. Data suggests that little sacrifice in stiffness is necessary even with a five-
layer reduction in reinforcement. While stresses will be more significant in the joint itself, the 
sufficient transfer of stress, such as is afforded by a more completely cured adhesive, mitigates 









5. FINITE ELEMENT ANALYSIS (FEA) 
A finite element analysis was conducted to simulate the observed test results and failure 
trends. The COSMOS/M software package (version 2.7) is used to model the pipe-joint system. 
Three-dimensional, eight-note composite elements (SOLIDL) are used to model the pipe wall as 
well as the FRP joint; a cylindrical coordinate system was used. A total of 8,126 elements and 
12,815 nodes construct the internal pressure model (with steel pressure plugs); 7,196 elements 
and 11,746 nodes construct the four-point model. Orthotropic material properties are employed. 
Modulus of elasticity values for the pipe is 15.2 GPa, 9.6 GPa, and 9.6 GPa; Poisson’s ratio is 
0.4. 
The modulus of elasticity of the FRP layers in the joint was varied throughout in order to 
simulate under curing in the FRP joint. The modulus was explicitly defined as some percentage 
of the theoretical, fully cured, modulus from the bottom of the joint and stepped down to the 
weaker top (by sixteenths).  Further, the modulus was decreased along the depth (at fifths) 
according to the general implications of absorption and refraction [3-6]. Eighty, distinct and 
orthotropic, modulus of elasticity sets thusly described each 8-layer joint; Figure 17. The joint 
itself is constructed by 3,840 elements and 4,896 nodes. The relative modulus percentages used 
to vary the ability of the joint to transfer loads, and to simulate gravity leaching were 100% at the 
bottom of the joint and 80% at the top. Reducing the thicknesses of the elements varied the 
number of layers. Also the degree of cure was increased slightly along the depth of the joint as 
the number of layers was reduced, thus simulating greater penetration of the initial radiation and 
more complete cure. The percentages along the depth varied from 100-92% (for 8-Layer joint), 
to 100-97% (for 3-Layer joint). As no equipment was available to measure the degree of cure 
locally, and no database exists which would relate that to a modulus value, the constructed joint 
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uniformly varies modulus values to illustrate the effect on stress distribution. Elements around 















Figure 17. 8-layer, joint construction model for 80  mW/cm2 irradiance. 
 
5.1 FEA: Internal pressure 
The quantities used to distinguish the sample groups are estimated quantities based on the 
relative thicknesses, visible leaching and experimental observations. A 3.45 MPa (500 psi) 
internal pressure was applied to the model. Steel plugs were modeled and bonded to either end of 










and rotations were disallowed); see Figure 18. Internal pressure was applied to the internal 
diameter of the composite pipe and the internal face of each steel plug. 
 
 
Figure 18. Boundary conditions for internal pressure modeling. 
 
FEA results support illustrates that failure occurs in large part because of the loss of load 
transfer capability resulting from a lower overall cure, which is a problem more pronounced in 
samples cured at lower light intensity and with thicker joints, than with the 5-layer and 3-layer 
joints. Table 4 lists the maximum resultant output for each irradiance simulation, for the peel 
stress, the hoop stress and the interfacial shear stress in the joint and pipe; a complete table of 
stresses is provided in Appendix 2. It is clear by Table 4 that the peak elemental stresses decrease 
as the values for the modulus of elasticity decreases. This is because the material loses its ability 
to transfer load and therefore its ability to hold stress. Figure 19 shows the joint displaying the 
hoop stress distribution for each irradiance group. The peak stress was capped for each case, 
based on the peak stress found at the lower light intensity. From this figure, one can see a clear 
regression in the ability to transfer load. The overall failure to hold stress agrees well with the 




Table 4. Peak stresses resulting from internal pressure FEA of progressively under cured joints. 
 Peel Stress (MPa) Hoop Stress (MPa) Interfacial Shear (MPa) 
 Pipe Joint Pipe Joint Pipe Joint 
UV-80 23.8 5.3 16.1 21.6 2.4 2.4 
UV-35 23.8 4.2 16.2 18.7 2.4 2.2 








Figure 19. Hoop stress distribution under internal pressure loading of joints simulating 
progressive under curing. 
 
Table 5 lists the maximum resultant outputs, for each simulated thickness, for the peel 
stress, the hoop stress and the interfacial shear stress in the joint and pipe.  The variation seen in 
Table 5, along with the stress distribution shown in Figure 20 agrees well with experimental data 
and observation. The 8-layer model has both higher peak stresses and a wider distribution of high 
stresses, relative to the other two thicknesses. From this figure, a clear reduction in peak hoop 
stress can be seen at the bond line in the 5-layer simulation and the stresses in the joint are also 
less. This model agrees well with the results of internal pressure testing, for which an increased 
pressure rating for the 5-layer joint over the 3-layer and 8-layer, respectively, can be seen. Clear 
delineations between the ability to transfer load and the ability to withstand that transferred load 
can be seen in these stress distributions; the modes of failure can be drawn from them as well, 
i.e. relative failure of adhesive and reinforcing layers. 
UV-80 UV-35 UV-15 
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Table 5. Peak stresses resulting from internal pressure FEA of progressively thinning 
joints. 
 Peel Stress (MPa) Hoop Stress (MPa) Interfacial Shear (MPa) 
 Pipe Joint Pipe Joint Pipe Joint 
WT-8 23.8 5.3 16.1 21.6 2.4 2.4 
WT-5 23.8 2.3 16.3 7.0 2.4 2.0 
WT-3 23.9 3.8 16.4 15.9 2.4 2.5 
 
 
Figure 20. Hoop stress distribution under internal pressure loading of joints simulating 
progressive joint thinning. 
 
Stresses propagate from the weakened bond line and are distributed (as effectively as the 
simulated degree of cure allows for) throughout the reinforcing material. Figure 20 shows a high 
peak stress at the bond line (internally) surrounded by a relatively wide distribution on either 
side. Externally, it can be seen that the stress at the bond line is much higher, tapering quickly on 
either side. This suggests that the load is not being effectively transferred to the outer layers. 
Figure 20 shows a greater capacity for transferring loads throughout the joint even though the 
joints are thinner and the relative reduction in modulus is only 3 and 5 percent.   
 
5.2 FEA: Four-point Bending Testing   
FEA loading conditions for four-point bending are modeled after the MTS apparatus; 
Figure 14. This is accomplished by applying elemental pressure forces at the location of point-
WT-8 WT-5 WT-3 
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applied loads at the 381mm (15in) span length per the standards followed during testing; see 
Figure 21. The ends of the pipes were fixed in all directions.  
 
 
Figure 21. Boundary and loading conditions for four-point bending modeling. 
 
Results from FEA using the same model generated for internal pressure testing 
simulation, but under four-point bending loading conditions, agree well with observation and 
conclusions drawn from recorded data. Tables 6 and 7 show isolated stresses in the joint and pipe 
for simulations of light intensity and weld thickness, respectively. As predicted by experimental 
performance, the simulation shows increased peak stresses with decreased joint thickness and 
higher degree of under curing, yet little change in peak stress is observed in the pipe wall. Peak 
stresses in the joint, as given in Table 6, stem from higher deformation, lower overall modulus, 
and point loads. The peak stresses in the joint, as given in Table 7, stem from decreased 
thickness in the reinforcing material.  
Table 6. Peak stresses resulting from four-point bending FEA of progressively under 
cured joints. 
 Peel Stress (MPa) Hoop Stress (MPa) Interfacial Shear (MPa) 
 Pipe Joint Pipe Joint Pipe Joint 
UV-80 26.3 32.5 19.9 54.6 4.63 11.7 
UV-35 26.8 51.9 19.7 55.9 4.73 11.1 




Table 7. Peak stresses resulting from four-point bending FEA of progressively thinning joints. 
 Peel Stress (MPa) Hoop Stress (MPa) Interfacial Shear (MPa) 
 Pipe Joint Pipe Joint Pipe Joint 
WT-8 26.3 32.5 19.9 54.5 4.6 11.7 
WT-5 26.9 51.8 19.7 55.9 4.7 11.0 
WT-3 27.0 85.5 19.6 76.5 4.8 15.2 
 
Figure 22 shows the peel stress distribution of the deformed coupled system. The 
influence of a decreased elastic modulus can be clearly seen by the degree of deformation.  This 
deformation is consistent with the observed failure shown in Figure 16(a). 
 
 





Figure 23. Peel stress distribution of joint under four-point bending for weld thickness 
simulation. 
UV-80 UV-35 UV-15 
WT-8 WT-5 WT-3 
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Figure 23 shows the peel stress distributions of the three simulated joints under four-point 
loading. The deformed shape has been generated to illustrate the mechanism for increased peak 
stress. As can be seen in the simulations, the point-applied loads act on the joint in a more 
destructive way as the layers decrease. However, this increase in deformation does not translate 
into prodigious stress increases in the pipe itself because the interfacial shear stress increases at a 






































6.1.1 UV Light Intensity 
Based the results of this study, it can be stated that there is a direct correlation between 
the load carrying capacity of FRP joints wetted with the described UV curing resin and the light 
intensity used to cure that resin. Through experimentation and finite element analysis it is found 
that the internal pressure rating, stiffness and peak bending loads are effectively decreased when 
the light intensity used to cure the joined pipes is decreased. The mechanism for the decrease in 
load carrying capacity is a mixture of under-curing due to a reduction in the light intensity and 
the resulting lower polymerization rate and gravity leaching of the resin from the uppermost 
region of the joint itself. It is clear that, because of under-curing and non-uniform curing, the 
capacity for the adhesive to transfer load is reduced and therefore the overall strength of the joint 
and composite piping system is compromised. 
 
6.1.2 Joint Thickness 
Based the results of this study, it can be said that there exists a correlation between the 
load carrying capacity of FRP joints wetted with the described UV curing resin and the thickness 
of the joint. Through experimentation an7d finite element analysis, it is found that reducing the 
number of reinforcing layers increases the internal pressure rating of joined pipes. The 
mechanism for the increase in load carrying capacity is the degree of cure of the adhesive used to 
bind the reinforcing layers. By achieving a more complete cure, the capacity for the adhesive to 
transfer load is increased and the reinforcing layers can be optimally utilized. With the results of 
this study, the volume of reinforcing material, which is the volume currently in use for joining 
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the described sample pipes, can be reduced as can the cost of resin and the time required to cure 
the joint. While reducing the number of reinforcing layers in the joint reduces the bending 
strength of the joint, the increased capacity for load transfer minimizes this reduction.  
 
6.2 Avenues for Future Research 
 Results from this research have clearly illustrated that UV curing vinyl ester can be a 
competitive alternative resin to those routinely used for field welding and installation of 
composite couplings. Current standards can be met with less material and in less time. Key to the 
successful implementation of the technology is to exercise a level of control over the curing 
process, which minimizes under curing; research into methods of determining the degree of cure 
after installation is a crucial step in the level of control achievable. The appropriate level of light 
intensity should be determined and will likely be influenced by general safety, energy cost, 
portability, and part safety. It is not a matter of multiplying the irradiance many times over, but 
determining what level of irradiance is adequate to attain the highest possible strength of a joint, 
i.e. which irradiance effectively produces a full cure over an allotted duration (determined by 
some of the factors already discussed). By using the approach of construction, testing, and 
numerical modeling developed here, it is expected that an optimal, adjustable, and repeatable 
design methodology will be achieved. 
 Investment in equipment that can quantify degree of cure, such as a Differential Scanning 
Calorimeter (DSC), is highly recommended. Direct measurement of degree of cure at all 
locations in the joint is critical for optimization. Further, if degree of cure can be measured, a 
database can be developed relating degree of cure to stiffness (modulus of elasticity). In this way 
a fully applicable finite element model can be constructed using the method in this study. When 
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such a model is developed, simulation can achieve more critical data which may be impractical 
to test for, e.g. fatigue testing. 
 A more complete analytical model can be developed by using an internal pressure model 
to generate equivalent axial loads and applying those loads to a tension model (including an 
adhesive layer). Failure will be better predicted by knowing shear limitations as opposed to 
theoretical hoop strength limitations. Software should be developed to incorporate modulus 
variation and under curing in an analytical model; the results of which can be directly compared 
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APPENDIX 2: FEA RESULTANT STRESS TABLES 
Table 8. FEA Results for Four-Point Bending Simulation 
 80  mW/cm2 35  mW/cm2 15  mW/cm2  
 Pipe Joint Pipe Joint Pipe Joint  
VALUE Max Min Max Min Max Min Max Min Max Min Max Min  
SX (PSI) 2100 -3820 836 -4720 2120 -3840 843 -4730 2150 -3880 859 -4750 PEEL 
SY (PSI) 1370 -2550 1770 -6280 1390 -2560 1570 -5840 1420 -2580 1160 -4950  
SZ (PSI) 1380 -2880 833 -7910 1380 -2880 840 7420 1390 -2870 760 -6390 HOOP 
TXY (PSI) 1520 -2110 1200 -1250 1540 -2120 1070 -1130 1560 -2140 859 -914  
TXZ (PSI) 651 -673 1690 -1060 657 678 1460 -964 665 -684 1080 -770 INTERFACIAL SHEAR 
TYZ (PSI) 447 -512 345 -357 450 -516 319 -351 456 -521 283 -329  
P1 (PSI) 2,520 199 1800 -4680 2550 -198 1600 -4680 2600 -195 1190 -4600  
P2 (PSI) 1382 -2880 803 -6312 1380 -2880 816 -5890 1390 -2870 745 -5103  
P3 (PSI) 31.24 -4530 4.35 -7910 29.3 -4560 3.51 7420 25.4 -4600 4.3 -6390  
VM (PSI) 3790 0 4130 56.5 3810 0 3780 46.4 3850 0 2900 36.6  
EENERGY 0.0705 0 0.015 0 0.0712 0 0.0184 0 0.0725 0 0.0273 0 STRAIN ENERGY 
 
 
Table 9. FEA Results for Internal Pressure Simulation 
 80  mW/cm2 35  mW/cm2 15  mW/cm2  
 Pipe Joint Pipe Joint Pipe Joint  
VALUE Max Min Max Min Max Min Max Min Max Min Max Min  
SX (PSI) 3450 -192 21.9 -765 3450 -192 -14.5 -615 3450 -193 -0.04 -385 PEEL 
SY (PSI) 1750 -244 4450 2920 1750 -245 3510 2070 1750 -246 2240 878  
SZ (PSI) 1900 -2340 3130 -139 1890 -2350 2710 -44.7 1860 -2370 1910 36.9 HOOP 
TXY (PSI) 2650 -143 67.1 -73.2 2650 -144 54.6 -56.5 2650 -144 34.1 -36  
TXZ (PSI) 352 -152 343 -351 352 -153 302 -313 352 -154 209 -220 INTERFACIAL SHEAR
TYZ (PSI) 403 -247 36.9 -59.5 403 -246 32.4 -46.6 402 -245 23.1 -27.9  
P1 (PSI) 5,250 -128 4450 2920 5250 -128 3520 2070 5250 -129 2240 878  
P2 (PSI) 1890 -297 3130 -47 1880 282 2710 -33.4 1860 -282 1910 38  
P3 (PSI) 283 -2350 -24 -747 284 -2360 -16.6 -615 285 -2370 -8.03 -385  
VM (PSI) 5870 0 4520 2790 5880 0 3260 1980 5900 0 2150 820  
EENERGY 0.275 0 0.009 0.004 0.3 0 0.007 0.003 0.335 0 0.004 0.001 STRAIN ENERGY 
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Table 10. FEA Results for Four-Point Bending Simulation 
 8-Layers 5-Layers 3-Layers  
 Pipe Joint Pipe Joint Pipe Joint  
VALUE Max Min Max Min Max Min Max Min Max Min Max Min  
SX (PSI) 2100 -3820 836 -4720 2160 -3900 1370 -7520 2270 -3920 2290 -12400 PEEL 
SY (PSI) 1370 -2550 1770 -6280 1430 -2580 1280 -5680 1450 -2590 1460 -7900  
SZ (PSI) 1380 -2880 833 -7910 1400 -2860 930 -8110 1400 -2840 1140 -11100 HOOP 
TXY (PSI) 1520 -2110 1200 -1250 1570 -2140 1240 -1350 1590 -2150 1710 -1900  
TXZ (PSI) 651 -673 1690 -1060 668 -687 1600 -1170 671 -690 2200 -1650 INTERFACIAL SHEAR
TYZ (PSI) 447 -512 345 -357 458 -523 336 -400 460 -525 475 -558  
P1 (PSI) 2,520 199 1800 -4680 2620 -194 1430 -5910 2650 -193 2340 -7840  
P2 (PSI) 1382 -2880 803 -6312 1400 -2860 916 -7590 1400 -2840 1120 -11100  
P3 (PSI) 31.24 -4530 4.35 -7910 26.2 -4620 10.7 -8110 27.1 -4650 14.8 -12500  
VM (PSI) 3790 0 4130 56.5 3870 0 4130 47.2 3890 0 7770 58.1  
EENERGY 0.0705 0 0.015 0 0.073 0 0.038 0 0.074 0 0.059 0 STRAIN ENERGY 
 
 
Table 11. FEA Results for Internal Pressure Simulation 
 8-Layers 5-Layers 3-Layers  
 Pipe Joint Pipe Joint Pipe Joint  
VALUE Max Min Max Min Max Min Max Min Max Min Max Min  
SX (PSI) 3450 -192 21.9 -765 3450 -194 18 -328 3470 -190 34.5 -555 PEEL 
SY (PSI) 1750 -244 4450 2920 1750 -247 2430 1240 1760 -247 2590 1250  
SZ (PSI) 1900 -2340 3130 -139 1850 -2370 1020 71.7 1840 -2380 2310 90.8 HOOP 
TXY (PSI) 2650 -143 67.1 -73.2 2650 -144 22.7 -29.6 2680 -144 43.9 -46.7  
TXZ (PSI) 352 -152 343 -351 351 -155 287 -209 352 -155 356 -369 INTERFACIAL SHEAR
TYZ (PSI) 403 -247 36.9 -59.5 402 -246 3.08 -36 402 -245 29.2 -33.6  
P1 (PSI) 5,250 -128 4450 2920 5250 -129 2430 1240 5280 -129.4 2590 1250  
P2 (PSI) 1890 -297 3130 -47 1850 -282 1090 73.3 1840 -283 2290 92.4  
P3 (PSI) 283 -2350 -24 -747 285 -2380 -7.48 -348 285 -2390 -4.06 -555  
VM (PSI) 5870 0 4520 2790 5900 0 2300 1170 5910 0 2810 1180  
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